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..\BSTR:_.CT: \_,'e present results fi-om a non-linear, .;D. time dependent numerical spectral

model (NS\I). x,,hich extends from the ground up into tile thermosphere and incorporates Hines"

Doppler Spread Parameterization tbr small-scale gra,,itv `,`,a,,es (G\V) Our lbcal point is the

mesosphere `,_here ,,_,axe interactions are playing a dominant role We discuss planetary.' x`,ax es in

the present paper (Part II) and diurnal and semi-diurnal tides in the companion paper (Part l)

\Vithout external time dependent energy or momentum sources, planetary' _`,aves (P\\,) are

generated in the model tbr zonal v,avenumbers 1 to 4, ,.,,hich have amplitudes in the mesosphere

above 50 km as large as 30 m.s and periods betxveen 2 and 50 days The _,,a_es are generated

primaril.v during solstice conditions, which indicates that the baroclinic instability {associated

x_ith the GW driven reversal in the latitudinal temperature gradient) is playing an important role.

Results from a numerical experiment show that GW's are also invoh'ed directly in generatin:._., the

P\V's For the zonal wavenumber m = 1, the predominant wave periods in summer are around 4

da,,s and in v, inter bet_,,een 3 and 10 davs. For m = 2, the periods are in summer and _int_:r

close to 25 and 3 5 davs respec',ively. For m --: _ 4 the predominant ,.,,axe periods are in both

seasons close to 2 da`,s The latter ,,_aves have the characteristics ot'Rossbv ,.zra\itv ,aa,,es. ,.,,ith

large meridional _,_inds at equatorial latitudes. A common I:}eature of'the P\V's _m = I to 4}

generated in summer and winter is that their vertical wavelengths throughou: the mesosphere are

large. _ hich indicates that the _,.a,, es are not propagating t'reelv but are generated througi:out the

re,..:ion .\nother common t'eature is that the PW's propagate pret'erentially _estx`,ard in stu-niner

and east,._ ard in ,._inter, being laupched ["l-Ollltile x,.est;`,ard and east,_ard zoual \_ inds that prevail

re,,pectiveiy in summer and _ inter at altitudes beloxv 80 kin. During sprin_ and t':tll, t'or m -- 1

ar.d 2. east,,`, ard propagating, long period PW's are generated that are launched from tt:e smalle_

east',,,ard zonal ,ainds that prevail in these seasons..As shoran in Part I, the PW's generated in the

n,.odel produce large amplitude modulations ot'the diurnal tides at altitudes abexe 80 km a;'.d

cop.tribute to their seasonal ',.ariations

I. Introduction

Pianetar', \,.a_ ,is (Rossb\ ,,xax es and Kelvin xxa\ esl are large-scale oscillations or'the

atmosphere under the inlluence or'the Coriolis force These _,_aves are prominent t;eatures or'the



troposphere and stratosphere, but have also been obse_'ed in the upper mesosphere. Ground-

based measurements at heights bet,,veen 80 and 100 km have detected oscillations with planetary..

_vave periods {e.g., kluller and Nelson, 1978_ Craig and Eltbrd, 1081 Burks and Leovy. 1986_

Tsuda et al. 1988: Phillips. I08C): Poole, 1990; Fraser et al., 1':)93 Clark et al., 1004: Fritts and

Isler, 1094: Meek et al, 1990: Deng et al., 1997. Williams et al, 1999_ Zhou et al., 2000), and

planetary. waves have been identified from the HRDI ([-lays et al., 1993) and WlNDII (Shepherd

et al.. 1993_ measurements on the UARS spacecraft te.g, Wu et al, IO93_ Smith, t c)96, 1997:

Fritts et al, IOO9-.., Wan-_ et al . _"000). The theoretical treatments ot'planetau are revie'_ved by

Volland (1088) and Forbes (1095).

Waves originating in the troposphere and near the ground, due to topographic forcing and

tropical convection, are important for the dynamics of the stratosphere. At [o,,v latitudes,

equatorially trapped Kelvin v_a,,es and Rossby gravity waves are involved in driving the Quasi-

biennial Oscillation (QBO_ and Semi-annual Oscillation..-\t mid and high latitudes, extra-

tropical planetaf.y x_axes a,L_ct significantly the seasonal variations in the global-scale zonal

circulation and temperature distribution

In the upper mesosphere, planetary' _,_aves x,,ith amplitudes as large as 100 n'cs are obse_ed,

a_:d there is evidence that they propagate into the thermosphere Waves at these altitudes are not

likely t,_ ha,_e originated in the troposphere since they cannot propagate through the s:ratosphere

azld loxver mesosphere 'a,itheut being dissipated A significant portion or'these ,a aves must be

excited in the mesosphere itse]t_ and the d._namical conditions in this region are _,,ell suited lbr

that. In a stud\ conducted _ith a semi-spectral numerical model originally de,_eloped bx Holtot_

and \\'el_rbein I l ")81 ). Holton I 1_984) concluded that gra_,ity '_aves originating in the troposphere

are possibly a source for planetal 3. ,,_,aves in the mesosphere

As Lindzen _1081) had sho_,,n and numerous modeling studies since, small-scale gravity

_a,.es that propagate up into the mesosphere cause the temperature variation to re,,erse against

the p_essure gradient. ,a ith the temperature decreasing across the globe From the _ inter

hemisphere to_,,ards the summer hernisphere, as observed Tile region is thus baroclinicallv

trustable, and this can provide the energy to excite planetary,' _.a_es as sho_n by Plumb { 1083)

and Pfister([C)85) Plumbe_ai _1086) also investigated ho_ the2-davplanetar> x_a_ecan

iniluencethemesosphericciI-culation The 2-dav pIanetaQ' v_ave in the mesosphere has been the

sub.icct oCstudies x,,ith the use ot'a middle atmosphere GCXI (Norton and Thuburn. IO96, 19_-)o).



It u,asshownthere that for zonaJ wa,,enumbers m = 3 and 4 planeta_' waves are generated due to

baroclinic instability as suggested bv Plumb ( 1983 i and that gravity u,a_,e drag is essential for

that Early results with our model that employed Rayleigh friction (Chart et al.. 1994) to

simulate the obse_'ed temperature reversal in the mesosphere produced a 4 day planetar?,.. wave

tbr the zonal _avenumber m = I. This wave _as generated in the summer hemisphere near 80

kin. and the baroclinic instability was identified as the cause.

In a companion paper 1Part I), we discuss numerical results/;or the diurnal and semi-diurnal

tides obtained from our model, in this paper, v,e discuss planetaQ, _,,,aves Alludin- to Part I. we

shall briet]y discuss in Section 11 the properties of the numerical model and the approach taken in

our analyses. In Section III, we describe the seasonal and height variations of the planeta D'

waves that are generated in the model without external time dependent excitation source: the

emphasis ,+,,ill be to assess the role played, bv. _,,ravin,'. wave forcin,.z._ In Section IV. _,e summarize

the resuhs and present OLlr conclusions.

!1. Model and Anal'vsis Approach

The organization of our model is illustrated in Figure 1 or'Part I. The Numerical Spectral

\lodel <NSXI). introduced bx Chan et al (19041. is three dimensional, time-dependent and

nonlinear The NS\I no,_s incorporates the Doppler Spread Parameterization (DSP} for small-

scale ura_itv '_a\es {GWI developed bv Hines t lqO4a, b), v, hich pro\ides the G\V momentum

source and related eddy difli_si_ it,, PreliminaD, results from the 3-D version of the NSM have

been discussed to describe the diurnal tides and equatorial oscillations <Nlayr et al., 1998, 1999).

The NSNI extends front the ground up into the thermosphere and computes the ,,,,ind field

and the perturbations ofglobalI> averaged temperature and density ,,ariations For the zonal

mean Im= 0). the solar L\ heating above 15 krn is taken t'rom Strobel (IO78). tropospheric

heatinu is not accounted for The diurnal tides (m -- I and 2) are thermally excited bv solar

radiation absorbed in the '_ater vapor layer near the ground and bv ozone around 50 km [taken

t'rom Forbes and Garrett {I 9"8 t]. and bv UV and EU\,' radiation in the thermosphere Planetary

_'.'a_es ¢P\\') are not e\cited e\ternally either them:ally or through a momentum source

Homogeneous botmdar 7 conditions are applied at the Earth's surtSce and upper boundalw



tile latitudinaltemperaturegradientacrosstheglobethatdevelopsat altitudesabove50kin. As

seenfrom Figure lb, P\V'saregeneratedduringwinterandsummermonths But their

amplitudesaremuchsmallerthanthoseshownin Figure l a \Vhile the baroclinic instability is

apparently involved in initiating tile PW's. tile GYv momentum source is significantly ampli_ing

them. When tile GW source is turned off, the PW are also much weaker during the spring and

fall seasons

To provide a picture oi'the latitudinal and seasonal PW activit,,, _,,e present in Figure 2 a

contour plot of the zonal ',_ind oscillations (computed with GW interaction) at 80 km for the

month tbllov_,ing June solstice This shows that tile _,_,a_,eamplitudes decrease from the polar

region in summer towards the equator and across and then slightly increase again into the winter

hemisphere, revealing a pattern consistent with that shown in Figure l a. The waves in the

summer hemisphere, at least initially, appear to propagate equatorwards: and there is some

i_:dication that thi_ is also happening in the p, inter hemisphere.

.-\ picture ot'the P_,V phase progression ,,,.ith altitude is presented in Figure 3. ,ahere we sho,a

contour plots of the zonal _,,inds at northern polar latitudes for the stmllner month t'ollo,.,,in_ June

solstice. Tile large vertical ,,,.avelengths indicate that the PW are not t'reel; propagating but are

generated throughout the region, in part at least by the baroclinic instability And the height

ariations of the _,,a',.e patterns at other latitudes (not shown) lead to a simiia:-conclusion

To proxide more deiails about the P'_V's generated in the model tvvith C.iVV interaction). _e

present in Figure 4 segments ot'the zonal x,,ind oscillations at northern mid latitudes apd at 80

km for a period or'2 months fi)llo'_ving June Isummer) and December (_inter) solstices For

these periods, a running Fourier analysis was carried out to derive the peak spectra f'or the

eastxvard and westward propagating wave components. The results show that during tile summer

months the waves propagate preferentially xvestv.ard and the period tbr the peak amplitude is 4

days In contrast, the _,,aves tend to propagate preferentially eastx_aM in x,,inter and ha,_e periods

co,,ering a range from about 3 to 8 days.

kVa,,enumber m = 2 In Figure 5a,,_,e present the zonal x_ind oscillations Ibr m = 2 computed

x_ith G\V lbrcing The seasonal variations of the P\¥'s generated in the model at different altitudes

are remarkably similar to) those shov,.n in Figure l a The <.zrowth in amplitude tiom (_!3 to 80 km is

seen a_ain, and long period x_a\es appear in t'all and late spring \\ithout G%\ s_u,ce I Figure 5b). the

P\V's are also much \_eake.. like in Figure lb



Analogousto Figure" _,_.epresent:_,ithFigure6 acontourplotof thecomputedPWpattern

at 80km But here.in contrastto Figure"_theindicationis that the,,_,a,,esarepropagating

tox,.ardshigherlatitudes The v, aves also do not grow in amplitude tou, ards the poles, simply

due to the tact that the horizontal winds for m = I must vanish there .As shown in Figure 3 for m

= I, the height progression of'the computed PW's in Figure 7 indicates that the ,,,,a_ es are not

propagating freely but are generated throughout the region.

The ,,_,a,.e spectra presented in Figure 8 (analogous to Figure 4) again sho_.,, that the

computed PWs tend to propagate pret_rentially u,estv.ard in summer and east,.,,ard in winter.

But here the period of the dominant wave is close to 3 days in both seasons, only slightly longer

in winter than in summer.

_¥avenumber m = 3 In Figures 9a and 9b, we present the meridional ,._,ind oscillations for m = 3

at the equator computed with and u, ithout GW forcing This shows PW being excited above 40 kin.

primarih durinu solstice condilion, u, ith amplitudes somev,.hat larger in summer than in v, inter

Thr_ughout the >ear. the x,.a;es are virtually monochromatic, havit_g a period close to 2 da\s at 813

km but distinctly longer at 60 kin. As seen earlier, the waves are excited _ithout G_,V [brci..qg

presumably due to baroclinic instability And again, the GVVs greatly ampli6,' the, _,_' s In contrast

to m = 1.2. the PW's in Figure 9 do not reveal abatement at 100 kin. v_,hich is partially

understandable considerimz that viscous dissipation is relati: ely less ett"ecti,, e for tl_ese u.a,,es having

shorter oscillation periods

For a short period Follov, ing June solstice, _,,e present in Figure 10 the latitudinal variations in the

meridional wind oscillations at 80 km (computed _ith GV_ tbrcing) This shot, s again that the PW's

are larger in the summer henlisphere than in winter. It also sho,,_,s large meridional '._,ind oscillations

at the equator. _,hich is characteristic of Rossby gravity x,,a_es In the summer hemisphere these

_aves tend to propagate poleward. In the '_,inter hemisphere at higher !atitudes. in contrast, tl_e

pattern is distinctly difl)rent indicating that the P\V's tend to propagate equatorx_ard

\\e present in Figure 10 t'or June solstice the height variations ot'computed PW's at 4" N As

discussed earlier For the lo_,er x,,avenumbers, this sho,.,,s again large ,,ertical wavelengths indicating

that the t_aves are not t'reel,, propagating but are generated throughout the fez, ion Belo_ (_0 kin. the

_a_ e_ are propagating do_n



For a2 monthsperiod t'ollou,ing Junesolsticeat midlatitudesand80kin. _,,epresentthewaves

and_ave spectralbr thezonalwindsin Figure12. Thepredominant_a,,e periodiscloseto 2 days,

andthe PVv"againpropagatepret'erentiallyv.estward in summer and east,,,,ard in ',,,inter.

A snapshot of the latitudinal variations of horizontal winds near June solstice are presented in

Figure 13 and shows large meridional winds and vanishing zonal _,inds at the equator, characteristic

of Rossby gravity waves. Although the wind velocities are significantly smaller in winter, the overall

wave pattern there is similar to that in summer.

Wa,.enumber m = 4: In many ways, the ,aaves generated for m = 4 sho_, clmracteristics similar

to those ['or m = 3. Analogous to Figure 8a. we present ,_vith Figure 14 the meridional wind

oscillations computed with GW forcing. Waves are generated primarily around solstice. Without

•GW source the computed PW's (not shown) are again much weaker, which is consistent with the

pattern seen in the earlier results.

The latitudinal variations in the PW's shov,.n in Figure 15 again :-eveal iar_er amplitudes in

summer than winter. In the summer hemisphere the v,a_es tend to propa,gate pc, le',_ard but the

picture is not that clear in the winter hemisphere

The height ,,ariations {not shown) again produce the picture ot"_,a'_es that are not propagating

tieelv but are generated in the mesosphere By comparison _,,hh Figure 10. one difference is that the

_,,ave_ are generated at higher altitudes.

Finally _ e present _,,ith Figure 16 the zonal ,.,,inds and their spectra computed during sun-ruler and

x_inter months at mid latitudes These show that the wave periods ie both sea,;or;s are c[ose to 2 da;s

and that the P\\"s again propagate westward in summer and east_'_ard in winter

IV. Summan' and Conclusion

\\e have presented here a sur,,ev of the P_,V's that are generated ia cur gk,bai-scale Numerical

Spectral Nlodel (NSNI)that employs Hines" Doppler Spread Parameterization i-'or small-scale gravity

_',a,. es !GW I V_"ithout external, time dependent energy or .momentun_ sources, the model produces at

altitudes abo_e 50 km P\V's tbr m = I to 4 with amplitudes near 30 m,'s. x_t_.ich are generated

internally due to dvnamical interactions. As pointed out earlier, hox_ever, tl,cPWamplitudesare

smaller _vhen the model computes self consistently _ith GW !brcing ;he dxnamical components m =



0 to 4. Theresultspresentedherearegearedspecificallyto describe and understand the extent to

_ahich P_,V's are influenced directly by GW forcing

In general, PW's appear in the model throughout the ,,'ear and all o_er the globe in particular tbr

m = I. 2. Large P\V's are generated pre/'erentially around solstice, and the largest waves tend to

occur in the summer hemisphere, which indicates that the baroclmic instability is involved in exciting

them.

This baroclinic instability is caused by the reversal in the latitudinal temperature gradient tbr the

zonal mean (m = 0) around solstice at altitudes above b0 km. and GW's are responsible for that

(Lindzen, 1981 ). But GW's also affect the PW's directly. To demonstrate that, we carried out a

numerical experiment in which the zonal mean temperature and wind fields (m = 0), computed self

consistently with GW forcing, are applied in the model with and without GW forcing for m = 1 to 4.

The results sho,,_, that indeed PW's are excited preferentially durin,g solstice conditions x,,hen the

baroclinic instabilit,, come_ into pla k But ,,_,ithout the direct GV_ forcing, tile wa_,e amplitudes are

nluch smaller In addition to the channel through the baroclinic instabilin,. GV_"s are plating a major

role directly in generating the PW's in the model

The phase of the PW's progresses generally dm,_nwards. The vertical ,aavelengths, hox,,ever, are

large and indicate that the x,_a_es are not propagating t'reely but are excited throughout the

mesosphere at altitudes abo,,e 50 km

Our analvsis of" tile P'_V's re\eals relatively simple patterns seen in the p_edominan/wax e periods

dependin,g on the zonal v_,a,_enurnber, and in the propagation directions depending on season For m

-- I. the dominant v,a'_e periods are close to 4 da,,s in summer and bet_een 2 and 8 daxs during

_xinter months: tbr m = 2. the periods are close to 2.5 and 3.5 respecm, ely in summer and _,.inter: and

t'or m = 3 and 4. the periods in both seasons are about 2 days Irrespective ofx,.avenumber, the _,,,aves

propa,-ate predominantly _sest,.,.ard in summer and eastward in vdnter

For m = 3 and 4. the x_estxxard propagating P_V's in the summer hemisphere extend across the

equator and represent Rossby gravity _aves. characterized by their large meridional land small

zonal) ,.,,inds at equatorial latitudes

To provide an understanding of the abo,_e results it is instructi_ e to look t'or mid latitudes at the

propagation velocities. V. or'the PW's. These are respecti_,ely tbr summer and winter (in m/s). V =

7() 47 (Ill : I): 50. 40 (1"11:= 2). 47, 47 (nl -- 3); 35. 35 (nl = 4) Tile propagation ,,elocities or'the

P\V's produced in the model are close to zonal _.ind velocities in the summer and winter hemispheres



thataredirectedx_est,,,,ardin summerandeast,._ardinwinter. ThePVCsareapparentlygeneratedas

stationary'oscillations,andtheir periodicitiesandpropagationdirectionsarelargelydeterminedby

theflo_ medkmlin whichtheyoriginate Thispictureisconsistentwith the largevertical

;va,,elengthsof thePW's.which indicates,aspointedout earlier,thatthe_,_,avesarenot propagating

freelybutaregeneratedthroughouttheregion

Our interpretationmayalsoexplainwhv thePW'sgeneratedduringspringandfidl for m = I and

2 tendto havesuchlargeoscillationperiods. Duringtheseseasons,thezonalwinds in whichthe

waxesoriginatearemuchsmallerthanthoseduringsummerand_inter months Theapparent

propagationvelocity(eastwardpresumably)is thenalsosmaller,_hich translatesinto longer

oscillationperiodsfor agivenzonalwavenumber.

.Asin theGC,NIsimulationsof NortonandThuburn(I 997.1999),wearegeneratingin our model

mesosphericplaneta_'waves_ithout forcingfrom theloweratmosphere.Theamplitudesfrom our

mc,uek howe_er,aremuchsnailerthanthoseproducedby NortonandThuburn Our num.erical

resultsconfirmtile theoreticalanalysesof Plumb(1083)andPfister4Ig85). \_hichled themto

concludethat thebaroclinicinstabilityis im,ob,edingeneratingplanetarywavesin themesosphere.

Our resultsalsoshox,,thatgravity x,,avesareinvolveddirectly- not only throughthebarociinic

instability. Basedon amodelingstudy.Holton(I 983)hadsuggestedthat up_ard propagatin-

graxitv x_a_es_.ouldplaysucha role

References

Allen. S. J, and S A. Vincent, Gravity wave activity in the lox_er atmosphere: Seasonal and

latitudinal ,_ariations, .1. (;eo/#O'._. Rex, 100, 1327, 10o5

Burks. D. and C Leov,,. Planetary \_aves near tile mesospheric easterl> jet. (;_'-1@_. 1?,.'.,. /_'Ii.

13. No 3, 103, 1086

Chan.. K, L., H G. Xlayr, J G. Xlengel, and I Harris, A spectral approach for stud':ing middie

and upper atmospheric phenomena..Z .4/mo,_. 7;.'rr./'hl._.. 56, 1390, 1904

('lark. R R...4. C Current, A H Xlanson et al.. Global properties of the 2-day wa\e from

me_osphere Io_er-thermosphere radar observations..I..41,,m_._. 7brr. I'l_l_., 56. 1270, 1_)_)4



Craig,R, L,

Adelaide

Deng,W, J

planetary

( ;e_q)hy.v

and W G Eltbrd, Obse_ations of the quasi 2-day wave near _)0 km altitt;de at

133" S)../..4tnto.v /err. Pin's., 43, 1051, 1981

E. Salah, R. R. Clark et al., Coordinated global radar obse_'ations of tidal and

waves in the mesosphere and lower thermosphere during Janua U 20-30, 1903, .Z

Rex., 102, 73t77, 1997

Flaser, O. J, G. Hernadez, and R. W. Smith, "'Eastward moving 2-4 day waves in the v, inter

antarctic mesosphere, (;eop/(l's. l?es. ],ell., 211, 1547, 1993

Forbes, J Xl. and H. B. Garrett, Thermal excitation ol'atmospheric tides due to insolation

absorption by 03 and H20. (;e(q)h_'._. Re.v 1,ell., 5, 1013, 1978

Forbes, J. M., Tidal and planeta_ waves, (Je(q#ly._ical:_,.!ono£,rat)h 87, 67, 1995

Fritts, D. C, and J. R Isler. Mean motion and tidal and 2-day structure and variability in ti'e

mesosphere and Iovcer therrnosphere, .l..4lmo.v ,",'ci. 5 I, 2145, 1904

Fritts, D.. (", J R Isler, R. S Lieberman etal, T'ao-dav "_,,ave structure and mean tlov,,

interactions observed b,. radar and High Resolution Doppler Imager../. (;eoph._.v /,Je_. 104.

3053. In09

ttavs. P Bet al. The high-resolution Doppler imager on the Upper ,Atmosphere Research

Satellite../. (;e_q#(lx. Re._, 98, 10,713, 1993

l-tines. C O., Doppler-spread parameterization ofgravity-,,,,ave momentum deposition in the

middle atmosphere. 1. Basic tbrnmlation../..4#m,v .h'o/ur /k,H. /'/n_.. "59 37!. I';t_>-'a

Hines. C. O. Doppler-spread parameterization of gravity-,a ave momentum deposition in Hie

middle atmosphere. 2. Broad and quasi monochromatic spectra, and implementation../.

.4 Imox. 5(,,/ur 7kuv'. t'/n.v. 59, 387, 1997b

Holton, J R, and W. NI. V_ehrbein, The role of forced planeta_' waves in the annual cycle of the

zonal mean circulation ot'the middle atmosphere,, .]..-tlmo.v ,S'c'/., 38. 1504, 1981

HOltOn. J. R. The generation of mesospheric planeta_.y _aves by zonallx asvnmwtric gra,it',

_, a', e breakin,2../..4m_ov 5'ci., 4 I, 3427, 1984

Lindzen R S . Turbulence and stress due to gravity wa_e and tidal breakdo',x n, ./. _;u(.V'hlv.

/_',_,_..86. 0707, 1981

Xla\r. H G J G \len,_,el, C .A Reddv, K L. Chart, and H S Porter, lhe r,,:le ot',,raxi,, _aves

in maintaitmlg the QBO and SAO at equatorial latitudes..-tdY_ulcc._/H h),ace/'c.,u_uc/1. 24

1541, 10_)c)

[I



Mavr, H. G. J G Mengel,K. L Chan.andH S Porter,Seasonalvariationsof thediurnaltide

inducedby gravitywavefiltering,(;e(q.dlyx.Rex. l.ett., 25. 943, 1908

,\leek, C E., et al., Global study of northern hemisphere quasi 2-day ,,_,a,,e events in recent

summers near 90 km altitude, .I..4tin. /'err. t'hl.v, 58, 1401, 1996

Muller, H. G, and L. Nelson, A traveling quasi 2-day v,,ave in the meteor region, .l. Aim. 7;:rr.

l'hr.v., 40, 76 I, 1978

Norton, W. A., and J. Thuburn, l'he two-day ,,_a,,e in a middle atmosphere GCM, (;eophi.v. Rc.v.

/x, ll, 23, ,"_I 13, 1996

Norton, W. A., and J Thuburn, Sensitivity of mesospheric mean flou,, planetary waves and tides

to strength of gravity wave drag, J. (;e(q)hy._. ReN., 104, 30,897, 1990

Phillips. A., Simultaneous observations of the quasi 2-day wave at Manson, Antarctica, and

Adelaide. South Australia..1..4Ira. 7brr. t hy., 51, 761, 1980

Plumb. R. A, Baroclinic instability of the sumnler nlesosphere: A mechanism tbr the quasi-2-

day _a_ e _. .i. .qlm, rzs. 5ci . 41t. 262, 1983

Plumb. R .-\. R. A. Vincent, and R L. Craig, The quasi-2-day _,_.a_e event ofJanclar)/ 1984 and

its impact on the mean mesospheric circulation, .Z .4mlo.v. ,'_'ci, 44, 3030, lO87

Poole. L. Xl G. The characteristics ofmesospheric two-dav wave as obse_ed at Grahamstou, n

(__., 3"S, 26 5'E), .l..-t/re. 7L'H'. //(_.s, 52, 259, 1990

Shepherd, G G. et al. \VINDll. the Wind lmager lnterferometer on the Lpper .-\tree, sphere

Research Satellite, .1. (;c¢q,h.__. Re._, 98. 1/).7725, 1903

Smith. A., K. Longitudinal ,,ariations in mesospheric winds: Evidence for gra,,it_ ,,_ave tihering

by planetary _,,aves, ./..4imo._. ,k'ci., 53, I156. 1996

Smith, A., K. Stationa_ planetary x_,aves in tipper mesospheric w,inds, ./..4fmr)._. 5'c:., 54. 212%

lot)7

Tsuda. T, S Kato, and R .-\ \'illcent, Long period oscillations observed bv the Kvoto meteor

radar and comparison ot" the quasi 2-day x_a',e with Adelaide N1F radar observa:ions, ./...4 tin.

' • ..... 1988/,_'/r. I in _ 50, "_"'_

\'olland. H..4/mo.Vdlesvc /Tda/ct#ntl'htHelarv lIuve._ Kluwer Academic Publ. Boston. MA.

t988

12



Wang.D. _,V.W E Ward.G. G. Shepherd,andD L Wu,Stationary"planeta_5'_,_,a,,'esinferred

t'romWINDII _,,,inddatataken,,,,ithinaltitudes90-120 km during loot-90, .I..4nnos. 5'ci., 57,

l o0o, 2000

Williams, P. J, N d Nlitchell. A. G Beard. V. S. Ho,,_,ells. and H G. Xluller. The coupling of

planetar?, waves, tides, and gravity waves in the mesosphere and Iou, er thermosphere..4dr.

,'_'pace l;&._., 24, 1571, 1999

\Vu, D L., P. B Hays, W. R. Skinner et al., Observations of the quasi 2-dax wave from the High

Resolution Doppler Ima_-er on LIARS. (;.eo/)hy._. Rex. l.eu. 20. 2853. 1903

ZhoLL O. H., Radar observations of longitudinal variability oftidal/planetan, waves and mean

motions in the tropical mesosphere, .J. (;eo#h):_. Res., 105, 215 I, 2000

Zhu. X. Radiative cooling calculated by random band models with S-l-beta tailed distribution../.

.quno._. So/. 46. 51 I, 1980

Figl, re C_Iptions

Figure l a Time series describing the seasonal variations of the zonal winds in the planetary

_a,,es (PW) for m = I at 48" N and at different altitudes from 40 to 100 kin. computed x,.ith

gra_it_ _a\'e (G\V) t_rcing and ,,,,ith the zonal mean (m = 0) temperature at'_d _;i_.d tields as

input The P_V are generated in the model purely by dynamical interactions _,.ithout external

time dependent energy or momentum sources. ]he PW amplitudes at 4( km are negligibly

small, gro,_,, From 60 to 80 kin. and are attenuated at 100 kin. Short-period (about 4 davs)

monochromatic u, aves are generated in summer and winter, long period _._ayes around spring and

f31l seasons.

Figure Ib Same as Figure l a but computed x_,ithout G\V forcing and with the zonal mean I n =

I)) temperature and wind fields as input. Note that PW's are generated in summer, t,,inter, and

thll seasons, in part due to baroclinic instability (driven in turn by GXV's). But the amplitudes are

much smaller than those in Figure ]a, ,,_,hen GW are directly involved in ampli (\ ing the _ _lses

II



FiGure 2 Zonal _inds at 80 km tbr P\V's (computed with GW fbrcing as in Figure l a) with m =

1 plotted versus latitude and time t'ollo,.ving June solstice. Note that the oscillating winds are

larger in summer than in ,ainter and grou, in magnitude to,.vards tile poles. Initially at least the

PW appear to propagate equator,,,,ard in the summer hemisphere

Figure 3. Zonal ,ainds at polar latitudes in the summer hemisphere tbr PW's (computed with

GW forcing as in Figure l a) _ith m = I plotted versus height and time tbllov, ing June solstice.

The vertical ,aavelengths are large, characteristic of the PW's computed in the model. ,.,,hich

indicates that the waves are not propagating freely but are generated throughout the mesosphere

Figure 4. (a) Time segment (2 months) of zonal wind oscillations (computed _,ith GW fbrcing

as in Figure l a) for m = I at 80 km and 48" N in summer tbllowing June solstice, and amplitude

spectra or'the largest _,,axes l in the time segmentt, propagating east_.,,ard and v, est_,,ard. Nine

that the dominant P_V's xxith a period of about 4 days propagates west'_vard. (b) Same as (a) but

for the ,,,,inter season. ,,_here the x,,axes propagate primarily eastward x_i,.il periods betu, een 3 and

IO days.

Figure 5 (al Same as Figure la but t'or m = 2. Without GW source !b). the computed PW's are

again rnuch ,.,.eaker. similar to those shox_,n in Figure b

Figure o Same as Figure 2 but tbr m = 2. Here there ts some indication that the PW's propagate

polev,.ard from mid latitudes

Figure 7. Same as Figure " but for m = 3. Again. the vertical u, avelengths are large, indicating

that the x,,a,, es are not propagating t'reelv but are excited throughout the region

Figure 8 Zonal _,,inds and amplitude spectra like in Figure 4 but lbr m = "_ The pea!,.

amplitudes occur at periods around 2 5 and 3 5 days respecti,cely for the ,_,est,.,,ard and east\,.ard

propagating _,.aves during the summer (a) and v. inter (b) months respectively

Figure % Same as Figure Ia but lbr meridional ',,,inds at the equator and lbr m = 3

t4



Figure9b SameasFigureOabut ,aithoutG'_Vmomentt.unsource

Figure I0 Same as Figure 2 but tbr meridional winds and m = 3. The P\V's have large

meridional winds at equatorial latitudes, like Rossby gravity waves, and tend to propagate to

higher latitudes in the summer hemisphere

Figure I I Same as Figure 3 but for meridional winds and m = 3 Note the large vertical

v, avelengths and dou, m,,,ard phase progression at heights above 65 km Below that altitude, the

phase progresses upwards indicating that waves propagate down.

Figure 12. Zonal winds and amplitude spectra like in Figure 4 but t'or m = 3 The peak ":

amplitudes occur at periods near 2 days tbr the u, est,aard and east_,,ard propagaling waves during

the summer (a) and winter (b/months respectively

Figure 13 Snapshot of horizontal _,ind vectors (computed with GW forcing as in Figure l a) ./-'or

m - 3 at 80 km plotted versus latitude and Ionuitude+ durin-_ a period near June solstice Note the

cells circling around the equator _ahere the meridional '_,.ir_.dsare large but the zonal x,.inds are

small, characteristic of Rossb.v gravity waves.

Figure 14 Same as Figure 9a but for m = 4. Without G'_V source, the c_;mputed P\V's _nul

sho_,_n) are again much "+_.eaker. similar to those shov+n in Figure 9b.

Figure 15 Same as Figure l t) but for m = 4.

Figure 10 Zonal '_,,inds and amplitude spectra like in Figure 12 but for m = 4 Again. the peak

amplitudes occur at periods near 2 days tbr the '+_.estv,ard and east_.ard propagating ,+,,a,+es during

the summer la> and x,.inter <b) months respectively
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